c ARDIOVASCULAR disorders are among the primary causes of death and disability. Cardiac arrest often follows autonomic barrages associated with a wide variety of conditions and interventions, including myocardial infarction; anesthesia; operative manipulations of intracranial, cervical, thoracic, and abdominal structures; and emotional experiences such as great fear and anger. Since the autonomic nervous system, and particularly the vagus nerve, is implicated in these catastrophic syndromes, and since its representation above the level of the brain stem has not been thoroughly investigated, an analysis of central nervous influences of the autonomic nervous system on heart rate, cardiac output, and other hemodynamic phenomena and on myocardial structure is desirable.
That hemodynamic changes can be elicited by stimulating the posterior orbital cortex is well documented and has been extensively reviewed? ,1~,1a Investigators have reported changes in blood pressure and heart rate. These parameters permit only a partial analysis of the possible cardiovascular mechanisms involved. With the addition of a flow probe to measure aortic flow, three other important cardiovascular parameters can be determined: cardiac output, stroke volume, and total systemic resistance. By monitoring these parameters, parasympathetic and sympathetic effects on cardiovascular hemodynamics can be distinguished.
In addition to influencing these hemodynamic phenomena, there is evidence that acute irritative cerebral lesions in these basal forebrain regions in man may lead to electrocardiographic changes and myocardial lesions. Multifocal myocardial degeneration has been found at autopsy in patients who died from subarachnoid hemorrhage (SAH) near the hypothalamus. These lesions resemble those produced in experimental animals by injecting catecholamines? The pathogenesis of these lesions has been studied in animals using several methods: the administration of large doses of catecholamines, 2,4' 1x the increase of intracranial pressure, 1,e,~~ and the electrical stimulation of central nervous system structures. 7,~7,'8 All studies are based on the premise that the central nervous system mechanisms responsible act by releasing endogenous catecholamines via increased sympathetic outflow. Cropp and Manning 3 studied patients with SAH near the orbital cortex (Walker's area 13). They found that only three of 15 patients studied at autopsy had myocardial lesions. They proposed that parasympathetic overactivity could result from lesions of the orbital cortex and thus cause vagally mediated electrocardiographic changes suggestive of myocardial ischemia. Groover and Stout 8 supported Cropp and Manning's hypothesis when they demonstrated that direct vagal stimulation in baboons produced interventricular myocardial lesions that could be prevented by prior treatment with atropine sulfate. Since vagal representation in the posterior orbital cortex is well known) ,~2,~s the observations in these last two experiments suggest that the parasympathetic nervous system may also play a role in cardiomyopathies.
It appears, therefore, that two separate autonomic influences could induce myocardial multifocal degeneration: 1) lesions induced by catecholamines triggered by an overactivity of the autonomic nervous system, and 2) lesions induced by excess cholinergic vagal discharge. The purpose of our study was to differentiate between sympathetic and parasympathetic responses to electrical stimulation of the orbital cortex of conscious monkeys by monitoring various hemodynamic changes, and to examine these monkey hearts for morphological changes that might be caused by the stimulation.
Material and Methods

Experimental Preparation
Eight Macacafascicularis monkeys of both sexes, and weighing 3 to 4 kg, were first trained for 3 weeks to adapt to restraining chairs. They were then anesthetized for implantation surgery using atropine sulfate and Sernylan (phencyclidine hydrochloride), 2 mg/kg intravenously. They were tracheally intubated, ventilated by a Harvard respirator,* and transferred to halothane, 0.5% to 2.0% for maintenance at a surgical level of anesthesia. The animals were positioned in a Narishige stereotaxic framer and the stimulating electrodes were implanted bilaterally into the orbital cortex under aseptic conditions.
The electrodes were constructed from 0.008-in. stainless steel wire insulated with Teflon. Three strands of wire were twisted together and the distal tops were soldered to pin connectors. The distal ends were cut with a 1-mm separation between strands, and the insulation was removed from each of the tips for a distance of 0.5 mm. The most distal tip was a stabilizing guide and the two more proximal leads were for electrical stimulation. This procedure allowed the active leads to stimulate orbital cortex while the stabilizing guide abutted the dura. Once the electrodes were in place, they were secured to the overlying skull with dental acrylic, and the animals were placed in the primate restraining chairs. The monkeys were allowed to recover from this first surgery for about 7 days, then they were again anesthetized as described and a left thoracotomy was performed to implant a Biotronics electromagnetic blood flow probes on the ascending aorta and a Silastic catheter into the descending aorta. After allowing a further 7 days for recovery, experiments began. *Respirator manufactured by Harvard Apparatus Company, 150 Dover Road, Millis, Massachusetts 02054.
tStereotaxic frame made by Narishige Scientific Instrument Laboratory, 1754-6, Karasuyamacho, Setagaya, Tokyo, Japan.
SElectromagnetic blood flow probe manufactured by Biotronics Laboratories, Silver Spring, Maryland. 
Cardiovascular Dynamics
Aortic blood flows were measured using a Biotronics BL-310 electromagnetic flowmeter amplifier.~ The flow probes were calibrated by passing measured flows of whole blood through the flowmeter probes before implantation, and were recalibrated after the experiments. Calibration factors for all flow probes did not change more than 4-5% between these calibrations. Aortic pressure and heart rate were recorded with an Elema-Sch6nander Mingograf ink-jet recorderw as shown in Fig. 1 . Aortic blood flows and mean aortic pressures were obtained by integrating phasic flow and pressure recordings using planimetry or a hybrid computing system. 15 
Stimulation
Stimulation consisted of 8 to 25 stimulations on each of 2 consecutive days in each monkey, after which no stimulations were administered for the remainder of the animal's life. Stimulus frequencies were varied between 20 and 100 Hz, pulse durations were varied between 1.0 and 10.0 msec, and the stimulus trains were of 10-second duration.
:~Electromagnetic flowmeter amplifier manufactured by Biotronics Laboratories, Silver Spring, Maryland. w recorder manufactured by ElemaSch6nander Mingograf, Stockholm, Sweden.
The total number of stimulations received ranged from 16 to 48. The stimulus intensities were applied just suprathreshold and expressed in milliamperes. The specific number of stimulations and their sites in each monkey are given in Table 1 . Biphasic, rectangular wave pulses were used to avoid electrolytic damage of brain tissue by polarization of the electrodes. All stimulation parameters were monitored on a Tektronix storage oscilloscope. II Histology Monkeys 1 and 2 were killed at 48 and 72 hours, respectively, after final stimulation. Monkeys 3 and 4 were killed at 1 and 2 weeks, respectively, after final stimulation. After the experiment each animal was deeply anesthetized with sodium pentobarbital, its chest opened, and its vasculature perfused retrograde via the aorta with 10% formalin. The heart and brain were then removed for histologic examination. The samples of myocardium were stained with Masson-trichrome stain. Sections of the left ventricular wall and interventricular septum were routinely examined. The frontal lobes were sectioned coronally at 75 #m and colored with Nissl stain to identify the electrode sites. tEach stimulation train duration was 10 seconds; at least 5 minutes was allowed for recovery between stimulations.
:~The sum of Days 1 and 2, which were consecutive. w of stimulation to the indicated site in seconds followed by the sum total of all stimulations to that animal.
HNo response was elicited from first stimulation.
Results
Hemodynamics
We obtained 22 control recordings of cardiovascular hemodynamics in four monkeys. The mean resting values for these recordings were: heart rate 200 + 4 (SEM) beats/min, mean aortic blood pressure 102 + 2 mm Hg, cardiac output 1.28 + 0.02 l/min, stroke volume 6 + 1 ml/beat, and total systemic resistance 80 + 1 units.
Each animal had four pairs of orbital cortical electrodes implanted. One pair was implanted 31 to 35 mm and another 27 to 30 mm rostral to the interaural line, bilaterally. When stimulated, each electrode produced a characteristic effect on cardiovascular hemodynamics. The more caudally placed electrodes tended to elicit more prominent responses than did the more rostrally placed electrodes. Table 2 summarizes the cardiovascular responses in the four monkeys as recorded on-line with the hybrid computer. In general, the more posterior electrodes elicited responses of greater magnitude. 
Morphology
Four monkeys (Monkeys 5-8), serving as controls, were fully prepared with brain electrodes, and cardiovascular flow and pressure monitoring devices, housed and restrained on a similar schedule, but were not stimulated. 9 9 9 190 :.:.>>:. These animals exhibited normal histology on all myocardial sections examined. In contrast, all four experimental monkeys had focal lesions throughout the myocardium, particularly in the interventricular septum (Fig. 6 ). These lesions comprised foci of granulation tissue composed of loosely packed, elongated nuclei of fibroblasts and endothelial cells interspersed between groups of normal myocardial cells. In animals killed within 72 hours after stimulation the cellular infiltrate was dense and contained many polymorphonuclear leukocytes. In animals killed more than 72 hours after stimulation, the cellular infiltrate was predominantly mononuclear. One experimental animal, Monkey 2, demonstrated myocytolysis in the left outer ventricular wall near the apical region. The other experimental animals had normal outer ventricular wall morphology. Figure 7 is a composite diagram showing the electrode position for the four test animals.
Discussion
By using chronically implanted stimulating electrodes and cardiovascular monitors in unanesthetized animals, we eliminated variations of response that might have been due to anesthesia. In general, the position of the Cortically induced pathophysiology in monkeys electrodes within the orbital cortex and the frequency (Hz) of the stimulation determined the direction of responses. A difference in electrode location of as little as 3 to 4 mm produced markedly different responses. Kaada, et al., ~4 observed that stimulating the posterior orbital cortex in anesthetized primates both increases and decreases arterial blood pressure. They found that blood pressure decreased at low stimulus frequencies (10 to 20 Hz) and increased at high frequencies (30 to 120 Hz). Our data on these unanesthetized primates confirm Kaada's findings on blood pressure. The blood-flow measurements contribute additional evidence essential to distinguishing between sympathetic and parasympathetic types of responses. Livingston, et al., TM stimulated the orbital surface in monkeys and recorded from neighboring points on the same gyrus. They observed abrupt decreases or gradual increases in arterial blood pressure. Blood pressure recordings in Monkey 2 in our study manifested prompt decrease in arterial blood pressure, and this decline proved to be due to a precipitous fall in heart rate and a concomitant fall in cardiac output. A gradual increase, following the initial drop, in blood pressure represents a reflex increase in total systemic resistance, probably induced by baroreceptor reflexes. In the more posterior locations in the orbital cortex, in Monkey 3, a simultaneous gradual decrease in arterial pressure and total systemic resistance demonstrates another type of action mediated by the orbital cortex. This is similar to responses obtained when the carotid sinus nerve is directly stimulated.
There were focal lesions throughout the interventricular septum in all monkeys that had received stimulation in the posterior orbital cortex. The interpretation of the age of these septai lesions varied. Those shown in Fig. 6 were early lesions, 48 hours to 2 weeks old, indicating that they had occurred during the period of orbital stimulation and not during the surgical implantation of the stimulating electrodes or cardiovascular monitors. They were obviously not lesions of chronic myocarditis that are occasionally seen in the Macaca fascicularis. Restraint in the primate chair is a possible cause of these lesions, although control Monkeys 5-8 showed no evidence of damage and were restrained for the same period as the experimental animals. Cardiac septal lesions effected by stimulation of the vagus nerve in baboons and reported by Groover and Stout 8 were more fibrotic than those seen in our monkeys. Multifocal lesions in the subendocardial region of the ventricular wall have been induced by electrical stimulation of the midbrain reticular formation and of the posterior hypothalamus by Greenhoot and Reichenbach 7 and by Hall, et al., ~ respectively. Those lesions are comparable to our findings, and were characteristic of early ischemia and of lesions induced by injecting catecholamines. The stimulation sites in those studies were located along the sympathetic outflow from the diencephalon, and the hemodynamic responses they recorded were interpreted as resulting from sympathetic activation. Also tension-time index and coronary blood flow both increased during hypothalamic stimulation, ~ possibly indicating an increase in oxygen demand, which could cause a relative ischemia if this demand exceeded the oxygen supply. The hemodynamic responses reported in our study do not indicate a "sympathetic storm" such as seen when the hypothalamus has been stimulated in unanesthetized dogs) Our primate results could be due to an imbalance of autonomic outflow favoring sympathetic activation, partially masked by the decreased heart rate. This interpretation lends support to the hypothesis set forth by Melville, et al. ?7 and Greenhoot and Reichenbach. 7 Since frank myocardial lesions can be induced by stimulating the posterior orbital cortex, this suggests a possible pathophysiological mechanism whereby central nervous system activity might induce not only complex dynamic shifts in cardiovascular activity, but also myocardial lesions of a lasting and manifest nature. Since the posterior orbital cortex is recognized as part of the limbic system and the limbic system is thought to govern emotional experiences and expressions, our study provides a clue to how strong emotions might alter heart rate, cardiac output, and peripheral vascular resistance, and also how such cardiovascular s.tress might lead to permanent and progressive cardiac lesions.
